We present a study of electronic and magnetic properties of nominal magnetite nanoparticles (NPs) (~6 nm) at high pressure in the presence of silicon pressure medium using x-ray absorption near edge structure (XANES), x-ray magnetic circular dichroism (XMCD) and non-resonant x-ray emission spectroscopy (XES). XANES data show a reduction of Fe charge state, a change in local environment around Fe at tetrahedral sites, and a reduced occupation of Fe 4p orbitals, not seen in previous pressure studies of bulk magnetite. XMCD data show a continuous magnetic moment reduction of ~50% between ambient pressure and 20 GPa, similar to what was observed in previous bulk magnetite studies. XES spectra of NPs indicate a gradual change in spin configuration away from the high-spin state consistent with a postulated charge transfer from Fe 4p to 3d states and the observed reduction in XMCD signal. Taken together, the results point to substantial differences in the response of electronic and magnetic properties of the nano-counterparts of bulk magnetite at high pressure.
Introduction
Nanoparticles (NPs) are ultrafine particles with dimensions ranging from 1 nm to 100 nm [1] . Due to their small size, a large fraction of atoms will be near the surface resulting in significant differences in atomic, electronic, magnetic, physical and chemical reactivity compared to their bulk counterparts [2] . These properties of NPs are further modified when exposed to extreme conditions such as high pressure and temper ature environments [3] .
Iron-oxide magnetite (Fe 3 O 4 ) is a naturally occurring, iron-rich, magnetic mineral. Nano counterparts of magnetite exist in a thermodynamically stable phase in the environment and are ubiquitous [4] . Response of electronic, magnetic and structural properties of such minerals to extreme conditions is important in geology, to understand mineral properties at conditions found deep inside the earth. Additionally, tailoring the strong electron interactions present in these materials with pressure can lead to metal-insulator, high-spin to low-spin, and superconducting transitions not attainable at ambient conditions (pressure drives these transitions by tuning electronic bandwidth and crystal electric fields). Of particular interest is how these transitions may be affected by finite size and surface effects present in NPs [5] .
Although many investigations into electronic and magnetic properties of bulk magnetite at high pressure have been conducted [6] [7] [8] [9] [10] [11] , little is known regarding their nanocounter parts. A recent study that used x-ray magnetic circular dichroism (XMCD), x-ray diffraction (XRD) and x-ray emission spectroscopy (XES) on bulk magnetite powder showed a pressure-induced magnetic transition in the 12-16 GPa range, that was independent of temperature (40-300 K range) [6] . The rather abrupt change in XMCD signal in this pressure range was attributed to a high-to intermediate-spin transition. A follow-up XMCD study that reached 41 GPa at room temperature showed instead a more gradual transition taking place in the 10-15 GPa range and deemed inconsistent with a spin transition [7] .
In the current study, we show that high pressure induces further modifications in electronic and magnetic properties of NPs, already induced by size. Therefore, this study is a first step towards the understanding of electronic and magnetic properties of nano-sized counterparts of bulk magnetite at high pressure. Our aim is to follow the footsteps of previous investigations on bulk magnetite at high pressure, identify and compare mechanisms that describe differences that occur in NPs compared to their bulk counterparts.
Bulk magnetite has a cubic inverse spinel structure with tetrahedral sites occupied by Fe 3+ ions and octahedral sites occupied by equal number of Fe 2+ and Fe 3+ ions [12, 13] . Bulk Maghemite (γ-Fe 2 O 3 ), similar in structure to bulk magnetite, has all the cations in the trivalent state [14] . XRD patterns of both bulk and nano structures of magnetite and maghemite are similar making it hard to distinguish between the two [15] . Iron oxide magnetic NPs are frequently characterized by combining infrared (IR) and Mossbauer spectroscopies with XRD and transmission electron microscopy (TEM) [16, 17] . As a result of nanoscale effects originating from very small crystallite sizes, large surface-to-volume ratio, near-surface relaxation and local lattice distortions, broadening and smearing out of Bragg reflections in the XRD patterns or in the Mossbauer lines are frequent [15] . Therefore, the standard methods used for bulk crystal structure determination may not be suitable for their nano-counterparts. Similarly, there have been disagreements regarding the capability of both Raman and IR spectroscopies to distinguish Fe 3 O 4 from γ-Fe 2 O 3 [18] [19] [20] [21] . Therefore, more powerful techniques based on x-ray absorption and emission spectroscopy (XAS/XES), that are known for being extremely sensitive to oxidation state, local environment around the atom being probed, magnetic configuration, and elemental and chemical selectivity may promise more reliable results [15] , especially at high pressure conditions.
We use Fe K-edge x-ray absorption near edge structure (XANES) and XMCD measurements to probe electronic and magnetic properties of magnetite NPs. To reach high pres sure, the sample is placed in a diamond anvil cell (DAC). Despite its lower dichroic contrast, Fe K-edge measurements allow penetrating the diamond anvils, not possible at the Fe L 2,3 edges. Also, the XMCD spectra of both bulk magnetite and maghemite at the Fe L 2,3 -edges show rather similar fine structure, in contrast to more distinguishable features at the Fe K-edge [15] . Although electric dipole transitions at the Fe K-edge do not directly couple the initial 1s core state to the magnetic 3d states of the resonant atom, changes in 3d moment affect the exchange splitting of the 4p band. Therefore, the K-edge XMCD signal can be used as a measure of the magnetic moment under pressure [7, [22] [23] [24] .
In addition, to probe for spin transitions [6] in 3d orbitals of Fe, we use non-resonant XES. The spin state of Fe is measured via high resolution Fe K β emission line. Being a very sensitive technique to the local moment, XES leverages the exchange interaction between the 3p core hole and the 3d local magnetic moment of Fe in the final state of the x-ray emission process. This exchange interaction splits the emission line into two peaks, one at 7058 eV and a small satellite peak (K β ) ~12 eV below it. The intensity of the small satellite peak is proportional to the number of unpaired electrons in the 3d orbitals.
Experimental details

Material synthesis
Iron oxide NPs of average diameter 6 nm were prepared following Kim et al [25] was added dropwise to 50 ml of NaOH under vigorous mechanical stirring for 30 min at room temperature conditions. The precipitated powders were collected by centrifugation and were washed with distilled water to remove the ligands (N 2 gas was used to remove oxygen dissolved in water prior to washing). The precipitated NPs were dried under non-oxidizing conditions. They were kept in PTFE tubes under non-oxidizing environments, sealed in the dark for up to one month to avoid any light-induced reactions. The dried powders were separated using a 20 µm sieve before placing them in the DAC for high pressure experiments.
Characterization
The NP sample was characterized using powder XRD with a PAN Analytical X-Pert Pro diffractometer that uses a monochromatic x-ray beam with a Cu K α source. The XRD pattern of NPs on a glass plate was collected from 5° to 70° in 2θ. Due to the large background signal from the amorphous glass material, only the XRD data above 20° is shown. Scherrer's equation was used to determine the average diameter of the NPs. Raman spectroscopy was used to extract phase information. Raman spectra were recorded on a Renishaw Raman Imaging Microscope System 1000. The system consists of a diode laser with λ ex = 785 nm. All Raman spectra were recorded at room temperature. A ~10 s spectral acquisition time with a low laser power (~6 mW) was chosen to prevent heat induced phase transitions. Spectral range was chosen below 1000 cm −1 , to include only the important diagnostic phonon modes used to differentiate various iron oxides [18] . NPs were imaged with TEM using a 200 kV JEOL 2100 which uses a LaB 6 filament type. The sample was sonicated overnight and was dispersed in ethanol. It was prepared for imaging by placing one drop of dilute particle suspension on a carbon coated (300 mesh) TEM copper grid at room temperature. Magnetic properties of the NPs were determined using a Quantum Design SQUID magnetometer. Hysteresis loops (M(H) curve) were measured under a maximum applied magnetic field of ±80 kOe at room temperature to obtain the saturation magnetization. Hysteresis loop was normalized to iron-oxide mass. Saturation magnetization (M s ) was obtained by extrapolating the M(H) curve to zero field, from the highfield range where the magnetization changes linearly with applied field as, M(H) ~ M s + χ d H, where χ d is the high field differential susceptibility that accounts for the surface spin disorder [26] .
XANES and XMCD measurements on iron-oxide NPs across the Fe K-absorption edge energy (7112 eV) were conducted in transmission mode at beamline 4-ID-D of the Advanced Photon Source, Argonne National Laboratory. A double crystal Si(1 1 1) monochromator was used, and higher energy harmonics were rejected by both detuning the second crystal by 5.35 arcsec as well as using toroidal Pd-coated and flat Si harmonic rejection mirrors at 3.1 mrad incidence angle. Photodiodes were used to measure incident (transmitted) photon flux before (after) the sample. An Fe foil was used as reference to check for any drifts in the monochromator energy, found to be smaller than 0.1 eV (the monochromator energy resolution is ~1 eV). An aperture was used to further reduce the focused beam size to approximately 30 × 30 µm 2 . Further details of the beamline optics and instrumentation can be found in Haskel et al [27] . The DAC was configured with a partially perforated anvil opposite a mini-anvil placed atop a fully perforated anvil in order to reduced attenuation of the x-ray beam in the diamond anvils and maintain on-axis optical axis for pressure calibration using the Ruby fluorescence method (anvil partial perforations are opaque) [27] . Culet size of the diamond anvils was ~300 µm while the rhenium gasket hole size (sample chamber size) was ~140 µm. The particles were separated using a sieve with 20 µm opening before loading them in the DAC. The NPs were mixed with Ruby balls used as in situ pressure manometer, and silicone oil as pressure transmitting medium following Ding et al [6] . We measured XANES spectra in the absence of a magnetic field increasing the pressure of the sample from ~2 GPa to ~20 GPa at 1-2 GPa intervals at room temperature. Sample pressure was measured before and after data collection at each pressure point. After reaching the maximum pressure, the data were collected on pressure release at 1-2 GPa intervals to check for irreversible changes in the XANES spectra. Simultaneous XANES and XMCD measurements in the presence of a magn etic field of 4 T were done at pressures selected based on the XANES measurements obtained in the absence of a magnetic field.
The XES experiments were performed with silicone as pressure medium in a Mao-type DAC, at the 16-ID-D station of HPCAT sector 16, APS, Argonne National Laboratory. The incident monochromatic x-ray beam was set at 11.6 keV with a ~1 eV energy resolution. The Fe K β emission spectra were collected using a Si(3 3 3) crystal analyzer and Si(Sn) x-ray detector in a backscattering geometry.
Theoretical XMCD simulations were performed with the FEFF8 code [28] . The self-consistency of the FEFF8 code is crucial for predictive Fermi level position and accounts for charge transfer between atoms. Spin density mainly comes from Fe 3d electrons with well localized orbitals. The total 3d spin projection on the x-ray propagation direction for each Fe atom in the structure is specified in the FEFF8 input file. The total spin density in FEFF8 is constructed as a superposition of individual atomic spin densities. The K-edge XMCD signal can be viewed as a probe of orbital moment in the unoccupied p -states of the absorbing atom. FeFF8 calculates individual XMCD contributions from each atom in the structure and can be used to separate contributions from inequivalent crystal sites.
The procedure for reduction of XANES spectra can be found in Bunker et al [29] . Once normalized to the edge jump, the pre-edge peaks were integrated using numerical integration techniques within a specified energy range and the shift in main-edge energy of NPs with pressure were determined with respect to the edge energy of bulk maghemite. XES spectra were background subtracted and were normalized to unity by the area of the spectrum. For integrated absolute difference method (IAD), a difference spectrum was obtained by subtracting a reference spectrum (spectrum at ambient conditions without silicon oil) from spectra at each pressure value. The integral of the absolute value of the difference spectrum was calculated as the IAD according to Vanko et al [30] .
Results
NP characterization
XRD data of the NPs in figure 1(a) shows peaks corresponding to the spinel structure and a mean NP diameter of 7.1 ± 0.6 nm, calculated using Scherrer's equation. The lattice parameter has been calculated as 8.36 ± 0.02 Å. Raman spectroscopy can be used as an effective tool to fingerprint phases of magnetite and maghemite due to distinct features in the spectra [19] . Raman spectra of NPs in figure 1(b) exhibit broad phonon modes that correspond to those of bulk maghemite, around 365 cm −1 , 511 cm −1 and 700 cm −1 as listed in previous literature [18, 19, 31, 32] . This result is also confirmed by XANES data of NPs (figure 1(c)) compared with bulk standards of maghemite and magnetite. The TEM image in figure 1(d) suggests the particles were either rounded or rounded hexagonal. The sample was too thick to produce images with distinguishable lattice fringes. The saturation magnetization calculated from the hysteresis loop of NPs (figure 1(e)) at room temperature is ~2.3 µ B per formula unit.
Interaction of NPs with silicon oil
We checked for any interactions between NPs and silicone oil using Raman and XES spectroscopy. Assuming spherical shape of NPs, we estimated the surface to core volume fraction to be about 0.7. This was obtained using ~3-4 nm as the radius of the NP and ~0.8 nm as the thickness of the outer shell, the latter being ~1 unit cell. This indicates that our Raman and XES spectra should be significantly affected by reaction with silicon at ambient conditions, which is not the case. Also, due to the sizable surface to core volume fraction, the XANES and XMCD spectra should be significantly affected if a major chemical reaction with the silicon oil takes place as the pressure is increased (this will be discussed later). Raman spectra of NPs were obtained in the presence and in the absence of silicon oil pressure medium at ambient conditions to probe for any changes induced by reaction with the pressure medium. The spectra were obtained with a low power laser (~6 mW) over a short time interval of a few minutes to avoid heat-induced phase changes in the NPs, explaining the relatively noisy data. The frequencies and relative intensities of peaks in the Raman spectra with and without silicon oil are very similar to one another. For comparison, formation of a magnetite-like structure would have produced a very pronounced A 1g mode roughly ten-fold stronger than the other peaks, which was not observed [18] . Similarly, formation of iron-oxide phases other than maghemite and magnetite would have resulted in significant changes in Raman intensity which was not observed [18] . Therefore, the addition of silicon oil pressure medium at ambient pressure does not cause a transition into a magnetite-like structure, which is only observed under pressure.
Our XES spectra taken in the presence/absence of silicon oil pressure medium with the difference spectrum is seen in figure 2(b) . Except for a small dip in intensity of the main peak, significant changes in spectra were minimum. We observed an IAD value of 0.023 ± 0.002 when the silicon oil was added to NPs.
XANES spectra of NPs
XANES spectra of bulk magnetite and maghemite reference samples are similar to previously published results [15] . The low-energy, weak pre-edge peak is sensitive to the Fe 3d character of empty Fe 3d-4p hybridized states at the Fermi level whereas the intense main-edge peak at higher energy is mainly sensitive to the Fe 4p character [33] .
The pre-edge intensity, shape and energy are usually sensitive to spin states, deviation from centrosymmetry, ligand field strength and 3d-4p mixing, whereas the main-edge and higher energy region is used to estimate coordination number and oxidation state. Previous studies discuss that the XANES preedge signal in bulk maghemite and magnetite primarily originates from Fe 3+ at tetrahedral sites and the lack of inversion symmetry at tetrahedral sites leads to 3d-4p mixing. [34, 35] .
XANES data at ambient conditions (without silicon oil) show that the chemical and electronic structure of NPs is more similar to bulk maghemite than to bulk magnetite, in agreement with previous studies [15] and with the Raman data. As it is inadequate to consider that stoichiometric bulk standards coexist in the confined space of NPs [15] figure 3(a) . It is used to quantify the variation of pre-edge intensity with pressure. As the pre-edge feature shows broadening as well as decrease in peak intensity with pressure, it is integrated over a sufficiently large energy range to capture the ensuing changes. As pres sure is increased, there's no appreciable change in the peak area up to ~13 GPa. From ~13 GPa to ~19 GPa, a sharp gradual decrease in pre-edge intensity by ~30% is seen. These features can be attributed to either an increase in coordination number, change in coordination symmetry, or a change in oxidation state of Fe. The NP pre-edge feature is compared to those of the bulk standards, magnetite and maghemite (see the inset of figure 3(d) ). As the pressure is increased, the similarities of the pre-edge of NPs compared to those of bulk maghemite, in terms of intensity and shape, disappear indicating a change in bonding environment of Fe. There is a shift in the energy position of this peak toward low energies starting around ~10 GPa indicating a reduction of Fe oxidation state (increase in occupied 3d states).
The main, leading edge of XANES spectra originates from electron transitions into empty states with Fe 4p character. The main-edge shows a shift in edge energy to lower energies with pressure ( figures 3(b)-(d) ). This shift is significant after ~10 GPa ( figure 3(b) ). This indicates a reduction in the oxidation state of Fe and agrees with the shift in pre-edge peak as discussed before. It's also important to note that, the spectral weight of main-edge features increases with pressure. It is significant after ~10 GPa as there's a sharp increase in the mainedge intensity (figures 3(c) and (d)). This indicates an increase in empty Fe 4p character.
Further, the main-edge region is compared to those of bulk standards, magnetite and maghemite in figures 3(c) and (d). Bulk maghemite shows significant resolvable features on the rising main edge, around ~7124 eV and ~7128 eV. These features are transitions to empty orbitals with Fe 4p character. As the pressure is increased, the features at ~7124 eV and ~7128 eV in the NPs smear out appreciably. In fact, our lowest pressure ~0.5 GPa already shows appreciable disappearance of these features. At the highest pressure (19.8 GPa) , the main edge is shifted to energies lower than both bulk standards ( figures 3(c) and (d) ), indicating the existence of a lower oxidation state of Fe in NPs compared to those of the bulk standards.
Both the pre-edge and the main-edge of NPs around ~12 GPa are compared to those of bulk magnetite in figure 4 . XANES spectrum appears to replicate features of bulk magnetite around ~12 GPa. However, the pre-edge feature remains suppressed and does not match that of bulk magnetite. Figure 3 shows the evolution of NP XANES data during the decompression process as well. The NP XANES regions (pre-edge or main-edge) do not recover their original spectra in contrast to bulk magnetite investigations [7, 38] . The preedge intensity and the main-edge shift remains fairly constant during decompression (figures 3(a) and (b) ). The pre-edge intensity remains suppressed indicating that any changes associated with coordination number, coordination symmetry and/ or oxidation state in the tetrahedral sites of Fe at high pressure are irreversible (see the inset of figure 3(f) ). The irreversibility of main-edge shift also supports the irreversibility of the oxidation state of Fe in NPs. Similarly, as seen in figures 3(e) and (f), the NP XANES spectra do not recover their structural features in the main-edge (features in bulk maghemite around ~7124 eV and ~7128 eV, seen in the NP sample at ambient conditions). The main-edge fine structure of decompressed NPs does not show any similarities to that of bulk maghemite after decompression. We cannot explain the exact reason for this irreversibility, but we assume that defects present in the initial NP structure undergo a transformation under pressure.
In Baudelet et al [7] , a shift of the extended x-ray-absorption fine structure (EXAFS) oscillation to higher energies is seen under pressure due to the compression of interatomic distances. While a slight increase in the intensity of the white line is observed, the line shape does not change indicating structural stability. In Ding et al [6] , the XANES spectra do not change with pressure indicating the absence of structural changes. In contrast, the line shape of NP XANES in the current study changes even at ~0.5 GPa indicating a structural change from maghemite-like to magnetite-like starting at low pressure. These contrasting features of bulk materials versus NPs at high pressure can be attributed to nanoscale effects.
X-ray magnetic circular dichroism (XMCD)
We used Fe K-edge XMCD as an indirect measure of the 3d magnetic moment as described previously. This technique can identify contributions from Fe(III) and Fe(II) ions in tetrahedral versus octahedral sites [39] . Figures 5(a)-(c) show the evolution of Fe K-edge XMCD spectra of NPs with pressure. Figures 5(a) and (b) display two dispersion type XMCD signals at the pre-edge and at the main-edge region with opposite signs. Previous studies show that both bulk magnetite and maghemite display similar (in energy position and shape) XMCD signals at the pre-edge and at the main-edge. [34, 38, 39] In the pre-edge region however, bulk magnetite XMCD displays a negative small peak around 7112.9 eV [34] . The signal to noise ratio in our XMCD signals makes it difficult to determine any existence of this type of feature in our NPs.
Previous studies discuss that the pre-edge XMCD signal in bulk maghemite and magnetite originates from Fe 3+ located at tetrahedral sites [34, 35] . As discussed below, this assumption appears to be validated by FEFF8 simulations of the Fe K-edge XMCD spectra. This leads us to assume that the preedge XMCD signal in our NPs originates from Fe 3+ located at tetrahedral sites at both ambient and at high pressure. In the main-edge region, there is a negative to positive dispersion type XMCD signal. Previous studies on bulk standards indicate that there is no clear knowledge to whether the origin of this signal is attributed to Fe ions in either octahedral or tetrahedral or from both sites [6, 7, 40, 41] . Our FEFF8 theoretical calculations on bulk magnetite show that the low energy part of this signal has contributions from both octahedral and tetrahedral sites while the high energy part is dominated by octa hedral sites (figure 6). Therefore, the main-edge XMCD can be used as a measure of the total magnetization in bulk magnetite structure. As our NPs possess similar mainedge features to bulk magnetite at various pressure values, we consider that the main-edge XMCD in NPs originates from both tetrahedral and octahedral sites. Therefore, insights into the evolution of net magnetization of NPs at various pressure values could be obtained from the main-edge XMCD signal as indicated by Baudelet et al [7] .
The integrated absolute area of the pre-edge XMCD feature of NPs (from 7.110 keV to 7.116 keV) is shown in figure 5(c) , which quantifies the variation of amplitude of XMCD spectra with pressure. The integral remains close to zero as seen in previous bulk magnetite investigations [6, 7] indicating a near quenching of 4p orbital moment. This integral shows a weak decrease of ~14% up to ~10 GPa and a sharp decrease of ~42% thereafter. Overall, it indicates a reduction in magnetic moment totaling ~50% at the highest pressure. The integrated absolute area of the main-edge XMCD signal shows a similar behavior to that of the pre-edge XMCD signal ( figure 5(c) ). Up to ~15 GPa, a weak decrease of ~15% is followed by a sharp decrease of ~36%. The overall decrease in the net magnetic moment totals to ~46% at the highest-pressure value.
In terms of bulk magnetite, either a continuous or an abrupt decrease in the magnetic moment based on XMCD signal has been reported. As an example, Subias et al [38] show a continuous variation of this integral where it remains fairly constant up to ~15 GPa and drops by ~50% around 25 GPa. Similar results have been reported by Baudelet et al [7] . However, Ding et al [6] shows an abrupt (~50%) reduction of the XMCD signal between ~12 and ~16 GPa.
In bulk magnetite, the opposite signs of the two XMCD peaks (pre-edge A-A′ and main-edge B-B′) indicate the existence of ferrimagnetic order between tetrahedral and octahedral sites [7] with a saturation magnetization of 4 µ B per formula unit. Although the NP XMCD signal shows similar features to those of bulk magnetite, the saturation magnetization calculated from the hysteresis loop of NPs (figure 1(e)) at room temperature is ~2.3 µ B per formula unit. The reduction in magnetization in the NPs at ambient conditions is expected as a result of surface spin disorder and possible influence of structural defects. It is important to note that, within our pressure range, the net magnetization remains non-zero as seen by the non-vanishing XMCD signal, albeit with a suppression of net magnetization under pressure.
X-ray emission spectroscopy (XES)
To probe whether the reduction of XMCD intensity at high pressures is related to a reduction of local moment (as opposed to ordered moment) we use high resolution non-resonant XES. It leverages the exchange interaction between the 3p core hole and the 3d magnetic moment and is very sensitive to the local magnetic moment although it is insensitive to the magnetic ordering of the sample [42] . In Fe, the emission spectrum of high spin (HS) state is characterized by a main peak, K β1,3 with an energy of 7058 eV and a satellite peak, K β located ~12 eV towards the lower energies. A disappearance of the satellite peak indicates the transition of Fe to a low spin (LS) state through the collapse of the 3d magnetic moment. Also, a shift in the main XES peak towards the low energies indicates a variation from a HS to a LS state [43] .
As seen in figures 7(a)-(c), in the presence of silicon pressure medium, as the pressure is increased, the main peak exhibits a shift towards low energies indicating a change in the total spin. The intensity of the satellite peak is proportional to the number of unpaired 3d electrons. We observe a clear reduction in the intensity of this peak as the pressure is increased. Both features agree with a variation from a HS state. By subtracting the spectrum at the ambient pressure (~1 bar) from each spectrum at each pressure value and obtaining the integral of the absolute value of the difference spectra (IAD) [30, 44, 45] , IAD analysis method provides only the relative values of spin states [45] . Therefore, our discussion on XES is restricted to the pressure-induced change in the spin state (i.e. HS, LS etc). We observe a continuous increase in the XES-IAD value up to ~27 GPa, with a more pronounced rate of increase above ~6-7 GPa. These changes indicate a continuous reduction of the local spin moment ( figure 7(c) ). The changes in XES-IAD appear to be reversible upon decompression, although the scatter in the data prevents us from ruling out some irreversibility upon return to ambient pressure.
In bulk magnetite investigations [6] a reduction in the XES intensity around ~15 GPa has been observed and it was attributed to a transition between HS and intermediate spin (IS) states. This observation was associated with an abrupt, discontinuous reduction in the XMCD signal between 12 and 16 GPa. Our data is inconsistent with a sharp spin transition but consistent with a gradual, continuous pressure-induced change in spin configuration away from a high-spin state.
It is important to note that we investigated whether there were any interactions between the NPs and silicon oil at ambient conditions using XES ( figure 2(b) ). As discussed before, a very small change in the main XES peak was observed when adding silicon oil, with the IAD value being comparable to IAD values obtained up to ~6 GPa. Significant changes in XES spectra are only observed above 6-7 GPa, where the shift in main peak towards low energies and a decrease in satellite intensity starts appearing in spectra. Therefore, we conclude that although we cannot rule out an interaction between the oil and the NP surface at ambient conditions, it appears that this interaction does not dominate the evolution of the data under pressure.
Discussion
Possible explanations for the evolution of electronic and magnetic properties of NPs.
High pressure could initiate a reaction between the NPs and the pressure medium. It's important to discuss whether there could be any interaction of NPs with silicone oil at high pressure. As discussed before, if NPs interacted with silicone oil at ambient and high-pressure conditions, 70% of the volume of the NP would be affected, and spectroscopic features in XANES and XMCD spectra are expected to be significantly affected. We compared the evolution of spectral features in XANES spectra under pressure to see if such evolution could indicate formation of Fe 2 SiO 4 [46] , FeH [47] , goethite (FeO(OH)) [48] , hematite(alpha-Fe 2 O 3 ) [49] and wurtzite (FeO) [49] as a result of reaction with silicon oil. We see no evidence for a sizable contribution from any of these compounds to the XANES spectra. At ambient conditions, although the XES spectra show an increase in IAD value after the addition of silicone oil, the nature of this change is significantly different from what is observed at high pressure where significant features such as a shift in the main peak towards lower energies and a decrease in satellite peak intensity are observed. Hence, although we cannot rule out an interaction between the oil and the NP surface, based on our compariso ns, it appears that this interaction does not dominate the evolution of the data under pressure. This is because, if there is an interaction, ~70% of the atoms on the NPs would be affected and significant changes in spectroscopic features would take place (certainly for the XMCD line shape which relies on the antiferromagn etic coupling of Fe at octahedral and tetrahedral sites as seen in figure 6 ). The compact nature of the NPs, unlike nanotubes or clatharate cages as described in San-Miguel [3] , is not conducive to intercalation and any interaction with the pressure medium would be surfacedriven. Also, the change of NP XANES from maghemite-like to magnetite-like under pres sure provides strong evidence for a pressure-driven change in local structure from maghemitelike to magnetite-like phase, not a significant chemical interaction with the silicon oil.
An important observation in our study is that the NPs start deviating from bulk maghemite-like phase (all sites occupied by Fe 3+ ) right at the initial pressure increase and assume bulk magnetite-like phase (combination of Fe 2+ and Fe 3+ ) around ~12 GPa as seen in the XANES spectra. Note that both bulk magnetite and maghemite possess cubic inverse spinel structures. The reduction of the Fe oxidation state is clearly seen in the shift associated with the pre-edge and the main-edge energies to lower energies. However, this reduction extends to more lower energies as the pressure is increased, indicating converting the remaining Fe 3+ to Fe 2+ in the bulk magnetitelike structure. Therefore, interpretations of the results on NPs need knowledge of the response of both bulk magnetite and maghemite to high pressures.
High pressure XRD studies on bulk magnetite have seen no structural transitions in the pressure range, 4 GPa to 18 GPa [6] although previous research suggested a reversible phase transition in the same pressure range [50] . In maghemite, both bulk and nanocrystalline phases (5 nm) undergo a structural phase transition to hematite (α-Fe 2 O 3 ) at 16 GPa [51] . Although bulk hematite is an antiferromagnet, its nanocounter part may not have the same magnetic properties as the bulk due to spin disorder [52] [53] [54] [55] [56] . Therefore in the case of a phase transition to hematite-like structure, the net XMCD signal could be reduced. However, the XANES spectra of our NPs at different pressures do not show features similar to those of bulk hematite (as discussed before) indicating the absence of a similar structural transition that would affect the total magnetic moment of the NPs.
A possible basic explanation for the decrease in magnetic moment in the NPs is charge transfer from Fe 4p to 3d states reducing the number of unpaired 3d electrons (oxygen 2p orbitals, which hybridize with Fe 3d orbitals, may also participate in this charge transfer).
Note that from initial pressure increase, the oxidation state of Fe decreases (disappearance of high-spin Fe 3+ with 3d 5 electrons and appearance of more Fe 2+ with 3d 6 electrons). The continuous decrease of our XES signal is consistent with a reduction in the number of Fe ions in the high-spin state. Note that our data does not show any sudden discontinuities in spin state as previously reported in XMCD studies of bulk magnetite [6] .
The behavior of our XMCD signal at high pressure is more in line with work done by Baudelet et al [7] and Subias et al [38] . Hence, in our sample the decrease in XMCD intensity could be explained by a gradual charge transfer from Fe 4p to 3d states that results in a gradual change in Fe spin state. It is important to note that the evolution of pre-edge and mainedge XANES spectra with pressure are quite different than reported for bulk magnetite at high pressure [6, 7, 38] .
In bulk magnetite, the reduction in net magnetic moment is explained in terms of a band structure description [7] , namely, broadening of the majority spin valence band until it crosses the Fermi level which results in a reduction of the magnetic moment. This observation is not followed by a structural transition [7] . Friak et al [57] also mentions that due to the broadening of the majority spin band, the material undergoes a half metal to metal transformation. This leads to the majority spinvalence band states near the Fermi level getting depopulated in favor of minority spin-valence band reducing the magnetic moment by about 1%. However, this decrease in the magnetic moment is very small compared to what we observe in NPs (~50%). It's rare to find calculations that study whether spin transitions similar to bulk magnetite would occur in bulk maghemite at high pressure or not.
Therefore, the aforementioned band structure description could be another valid explanation for the behavior of NPs. However, note that the changes associated with the NP XANES pre-edge shape, intensity and energy position clearly suggest changes in local environment around Fe at tetrahedral sites. Therefore, our NPs undergo a reduction in the net magnetic moment in the presence of a reduction in Fe oxidation state and a change in the local environment around Fe at tetrahedral sites. Upon decompression, the XANES spectra of NPs do not recover their original structure. This indicates that NPs behave differently in terms of reversibility of structural changes to those of bulk.
Based on a sharp decrease in pre-edge intensity, a change in slope in the rate of main -edge shift with pressure, and a change in slope in XMCD integrals at ~12 GPa, and noting that the NP XANES spectra assume the shape of bulk magnetite at ~12 GPa, we conclude that this pressure is a crossover pressure where the maghemite-like NPs are mostly converted into magnetite-like structure.
Conclusions
In this study, we investigate the evolution of electronic and magnetic properties of nominal magnetite NPs at high pressure in the presence of silicone oil as the pressure medium.
The absolute integral of the XANES pre-edge region shows a decrease starting at ~14 GPa continuing up to the highest pressure of 20 GPa (30% total reduction). This indicates a reduction of empty 3d orbitals, a change in the oxidation state of Fe and the local environment around Fe at tetrahedral sites. Both pre-edge and the main-edge shift to lower energies starting around ~10 GPa supporting a reduction in the Fe oxidation state. This is accompanied by an increase in the mainedge spectral weight due to an increase in the empty density of states with Fe 4p orbital character (i.e. reduction of occupied Fe 4p states). By looking at the whole XANES spectra, the NPs deviate from those of bulk maghemite (all sites occupied by Fe 3+ ) starting with the first pressure increase at ~0.5 GPa. The NPs assume a bulk magnetite-like phase at about 12 GPa (combination of Fe 2+ and Fe
3+
). Even after ~12 GPa, the spectra continue to shift to lower energies, indicating conversion of the remaining Fe 3+ to Fe 2+ in the magnetite-like structure. These changes are not recoverable at decompression. These features of XANES spectra are very different from those of bulk magnetite investigations which show no significant pre-edge or main-edge changes under pressure.
Regarding the XMCD spectra, an overall total magnetic moment suppression of ~50% is seen at the highest pressure, although the net magnetization remains finite. The reduction in XMCD signal is continuous. Similar suppression is seen in XMCD studies of bulk magnetite. XES spectra of NPs indicate a gradual reduction in Fe spin moment, consistent with the continuous charge transfer from Fe 4p to 3d states seen in the XANES data and the reduction in XMCD signal. The reduction in Fe spin moment could be interpreted as due to a gradual charge transfer from p to d states leading to an IS state, or as due to a redistribution of electrons between exchange-split 3d bands induced by band broadening under pressure. It is important to note that in NPs, these changes in the net magnetic moment are associated with a reduction in oxidation state of Fe and modifications in local environment around Fe at tetrahedral sites, which are not observed in the case of bulk magnetite.
Therefore, in this study, we clearly observe new phenomena in the nano-counterparts of bulk magnetite at high pressure. These features could be attributed to nanoscale 'R' stands for pressure release. 'Ambient' stands for the NPs sample without silicon oil at ambient (~1 bar) conditions.) (b) An example XES spectra (27 GPa) is shown in red while the reference spectrum (sample at ambient conditions) is shown in black. The difference spectrum (Diff) is shown in blue (c) IAD as a function of pressure obtained by subtracting the reference from each scan and obtaining the integral of the absolute value of the difference spectrum upon compression (red) and decompression (black). Error bars represent the standard deviation of data at each pressure value.
effects originating from very small crystallite sizes, large surface-to-volume ratio, near-surface relaxation/ reconstruction, local lattice distortions, differences in types and densities of defect sites in NPs compared to their bulk-counterpart.
